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Several studies have suggested the existence of backup machinery of transcriptional regulatory 
networks (TRNs)1-7. Here, we have quantified the backup machinery of yeast gene’s TRNs under five 
different conditions in terms of alternate paths and have revealed that a statistically significant (p<10-4) 
stronger backup is maintained for endogenous processes (ENPs) than exogenous processes (EXPs). A 
number of biologically important genes (SUC2, MF(ALPHA)2, CLN2 etc) are observed that maintain a 
higher backup. Hub and random transcription factor (TF) knockouts in TRNs have showed ENPs are 
more robust to deletion than EXPs. While higher average connectivity of TFs in EXPs than ENPs can’t 
explain the higher robustness in ENPs, we have found that the later have a densely interconnectedness 
explaining their specialized architecture that may have evolved due to evolutionary pressure. Some non-
hub TFs identified here are more likely to be essential, and if not essential, have a larger impact on 
fitness. 
 In this work we have tried to identify and get a quantitative view of backup machinery of gene 
regulations by analyzing the yeast TRNs under five different conditions viz. cell cycle, sporulation, 
diauxic shift, DNA damage and stress response. The former two are mentioned as ENPs while the 
remaining three are the EXPs8. Whenever there is more than one path signaling from a TF to a specific 
target gene (TG), one can assume them as alternate paths to reach the TG, thus forming its backup 
machinery7. Our analysis shows that each process has powerful backup machinery, which is much 
stronger in ENPs than EXPs, cell cycle however showing much stronger backup than sporulation (Table 
1). Statistical test shows differences between the different conditions to be highly significant (p<10-4, 
Supplementary Table 1). For the genes expressed in two or more conditions, we have observed the same 
trend (Supplementary Table 2). This difference can be explained with the help of a hypothetical case of 
machines, one working continuously and the other conditionally.  If one has to sustain backups for the 
two machines, it is quite obvious that there should be a stronger back up for the machine that is being 
used continuously. Though backup is obligatory for occasionally used machine, it is not economical to 
maintain backup as strong as the former case. Similarly in this work, the probable reason might be that 
cell cycle being active all the time has maintained higher number of alternate paths, and hence more 
robust. Here, sporulation (an endogenous multistage process that occurs in adverse conditions) shows an 
intermediate number of alternate paths between cell cycle and EXPs. Robustness of TRNs is known to 
evolve through gradual and neutral evolution in the space of network architectures and can be subjected to 
change by natural selection9. Perhaps there exists some evolutionary pressures on these ENPs, which 
gradually modified them to have a higher backup. 
Further analysis shows that while some of the TGs have a very high number of alternate paths, 
some other TGs even have a single path. It is interesting to note that the TG having maximum number of 
alternate paths is SUC2, a sucrose-hydrolyzing enzyme. SUC2 mutant are not able to ferment sucrose, the 
most important constituents of yeast growth medium. The main function of sucrose hydrolyzing is 
performed by this single gene, and hence can be expected to have an immensely high number of 
pathways. Next, we shall discuss the functions of some TGs that also have higher number of alternate 
paths (>90) in cell cycle (Supplementary Table 3). MF(ALPHA)1 and MF(ALPHA)2 are the mating 
pheromone factor and precursor respectively, that interacts with mating type cells to induce cell cycle 
arrest and other responses leading to mating. No other genes are found to produce mating pheromones. 
Three G1/S-specific cyclins (CLN1, CLN2 and PCL2), which acts as the regulatory subunits of 
heterodimeric protein kinases controlling cell cycle events also have very high alternate paths. A 
homothallic switching endonuclease HO is the single gene in yeast that performs the function. In case of 
TGs that are expressed in a single path, very few of them share functions with TGs having moderately 
higher number of alternate paths (Supplementary Table 4). There also exist some TGs (of which few are 
essential genes) that neither have any alternate paths nor share their function with other TGs. Similar 
situation is observed in metabolic networks, where the essential enzymes are not always backed up by 
alternate paths10. 
Next, we have studied the mutational robustness of the five different conditions against random 
TF knockouts as well as targeted TF hub knockouts. In either case, as expected, a gradual decrease in 
number of alternate paths is observed with increase in number of TFs removed. The worst affected is cell 
cycle followed by sporulation. EXPs show a higher value for remaining alternate paths (Fig 1a and Fig. 
2a). In spite of suffering the most in terms of alternate paths, cell cycle and sporulation maintain a higher 
number of viable genes (i.e. there exists at least a single path for its expression) than others(Fig. 1b and 
Fig. 2b). Although cell cycle shows much higher backup than sporulation, surprisingly the later shows 
higher gene viability. Increased loss in number of alternate paths in ENPs may originate due to the higher 
number of densely interconnected loops, especially FBLs in cell cycle. In case of targeted hub knockout, 
although the damage (only 5% of alternate paths left) is more severe, cell cycle can manage to express 
43% of TGs. One can thus say that endogenous TRNs are more robust than the exogenous ones. 
In order to verify whether the higher backupness in ENPs is a result of high degree per TF, 
average degree for TFs (<k>) are calculated and is found to be higher in EXPs, thus unable to explain the 
higher backupness in ENPs. We have further classified the out-degree (Table 1) of each TF in two parts 
viz. the connectivities directly regulating the terminal TGs (Kout_ter) and the connectivities regulating 
intermediate TFs (Kout_int). Existence of higher Kin and higher statistically significant Kout_int (p<.007) in 
ENPs signifies a higher level of inter-regulation among intermediate levels. This results in larger number 
of combinations while expressing a TG, thus forming higher number of alternate paths. The low density 
of TF regulation at intermediate levels of EXPs results in simpler combination of TFs and hence a low 
number of alternate paths. Hence, we infer that backup strength of a process depends entirely on 
intermediate level TF degrees and not on the overall degree of TFs (since Kout_ter contributes just one 
alternate path per TF for a given TG). These observations suggest basic difference between backup 
systems of the processes. In ENPs, the TRN is densely interconnected. Although removal of a single TF 
results in deletion of numerous alternate paths, the same architecture is responsible for robustness since 
even after a higher path loss, few routes to complete the path still exist. On the other hand, EXPs maintain 
their backup with the help of many numbers of connections, which are not highly interconnected. 
While removing random TFs, we have observed that one or more essential TGs are not able to 
express anymore. Next, the essential TFs (http://www.yeastgenome.org) in all conditions have been 
removed one by one. We have observed that indeed some essential TGs along with non-essential TGs are 
not expressed at all when essential TFs like MCM1, FHL1 or REB1 are knocked out. However, in cell 
cycle, essential TFs ABF1 and RAP1 are not responsible for lack of expression of any essential TG, but 
in three other networks ABF1 does so. In contrast, RAP1 acts as a TF only in cell cycle, for the other 
condition it is an essential TG. Infact, these explain why these TFs are essential to cell. We have further 
removed TFs one by one from the individual networks and calculated the degree of path loss to find if 
there exist any potentially essential TFs, capable of causing a huge damage in networks. The top 15 TFs 
that showed maximum damage are given in Supplementary Table 5. We have determined the 
betweenness of intermediate level TFs and the top 10 TFs with highest betweenness are among those TFs 
(listed in Supplementary Table 6), which cause severe damage in terms of alternate paths. All the TFs 
mentioned above are elements of FBLs (except MBP1 and HCM1), which can be thought as one of the 
probable reasons behind the high alternate paths in cell cycle and sporulation. Cell cycle consists of 14 
FBLs while sporulation consists of just 3 FBLs. The EXPs consist of 1 FBL each. The higher number of 
FBLS within a subnetwork causes larger number of hierarchical layers (cell cycle 20, sporulation 13 and 
EXPs 8). The loops in cell cycle are highly interconnected among themselves11, forming highly 
complicated intersecting paths and thus laying the base of specialized architecture of cell cycle. Most of 
the TFs involved in FBLs are hubs, with numerous paths passing through them, and hence, when we 
knockout these hubs, the loss suffered in cell cycle is severe. Anyhow, all FBL members are not hubs. For 
instance, FHL1 is a non-hub TF and yet causes highest damage i.e. 72% of path deletion, giving the 
indication that non-hub genes can also be very important. FHL1 is reported as an essential gene 
(http://www.yeastgenome.org). REB1 and RAP1 are few more non-hub essential TFs that cause a 
considerable damage. This may explain why non-hub TFs become essential. In fact we have observed that 
each FBL consists of up to four essential genes, suggesting that essential genes are needed for the 
maintenance of homeostasis. On the other hand, PLM2 is a TF that is neither a hub nor reported as 
essential, but is of importance as it causes about 62% of path loss, suggesting that a TF need not always 
be hub or be essential to play an important role in the network. POG1 and MSN4 are two such important 
non-hub TFs. These non-hub TFs identified here are more likely to be essential, and if not essential, have 
a larger impact on fitness. It has been already observed that a non-essential gene may become essential in 
some stringent condition10.  
While studying the alternate paths, we have noted existence of some highly linked paths that 
are conserved across the five conditions (Supplementary Table 6). Since a small number of TFs could 
combine with different TFs to control a variety of expression patterns in yeast 8,12, we suggest these 
paths do the same by forming the core paths or 'backbones' during rewiring and manifest a diverse 
range of function. They associate in different combinations of paths having condition specific functions.  
  Here we have applied a method to get a quantitative view of the backup machinery of gene TRNs. 
This enables us to find higher backup and more robustness of ENPs over EXPs; higher regulatory backup 
of sucrose hydrolyzing enzyme and other biologically important genes. We also unravel a specialized 
highly dense interconnected architecture in ENPs explaining their robustness. While this method is able to 
explain the essentiality of some hub and non-hub TFs, other potentially important TFs are also identified. 
In a word, we capture the essence of TRN in a new way that can help to understand other biological 
networks. 
 
 
 
 
Materials and Methods 
 
Dataset: transcriptional regulatory network 
The TRN is taken from SANDY database (http://sandy.topnet.gersteinlab.org/). It contains integrated 
gene-expression data for five conditions. The number of TF, TG and interactions under each condition 
is summarized in Supplementary Table 7. 
  
Alternate Paths of regulation 
Directed unweighted networks have been constructed where the TFs and TGs are represented as 
vertices, while the binding of a transcription factor in the regulatory region of a gene is represented as a 
directed edge. To analyze the backup machinery, we have determined the number of alternate paths 
available for each of the TG. A path in the TRN represents a specific regulation of a downstream TF by 
an upstream one. Whenever there is more than one path signaling from a TF to a specific TG, we have 
assumed them as the alternate paths to reach the TG. Even if one path is responsible TG repression and 
the other path for TG induction, both have been considered as constituting the alternate paths in all the 
cases7. We have thus computed the possible alternate paths coding for each terminal TG. For better 
understanding, we will site an example from real data by taking a gene named YBL043W under 
sporulation condition. TFs and TG are the nodes while any direct interaction between the nodes are the 
edges of the directed unweighted network, as shown in Figure 3.  
Whenever an intermediate TF is regulated by more than one TF, it is considered that they are the 
different paths that lead to the target TF. For example YLR182W, an intermediate TF involved in the 
pathway of YBL043W expression, has the following alternate paths possible to transmit signal. 
z YLR182W-YML027W-YKL043W-YPL177C-YBL043W 
z YLR182W-YML027W-YKL043W-YKL062W-YPR104C-YEL009C-YNL103W-YIR018W-
YBL043W 
z YLR182W-YKL112W-YPR104C-YEL009C-YNL103W-YIR018W-YBL043W 
z YLR182W-YKL112W-YDR207C-YGL073W-YBR049C-YNL216W-YKL062W-YPR104C-
YEL009C-   YNL103W-YIR018W-YBL043W 
 
Statistical analysis 
The ENPs and EXPs showed a varied strength of backup i.e. number of alternate paths. So we have 
computed the chi square values and corresponding p values for all the possible pairs formed by the five 
conditions. We also performed Mann-Whitney U test to compare the difference between kout_int of the 
ENP and EXP TFs.   
 
Searching for potentially essential TFs and effect of TF knockouts on networks. 
Transcription factors are removed from the network one by one and the number of alternate paths and 
viable genes left are calculated to find the genes that are involved with maximum number of alternate 
paths. Secondly, betweenness centrality is calculated for the intermediate level TFs. Betweenness gives 
the number of shortest paths that go through a particular TF. Since transport is more efficient along 
shortest paths, TF of high betweenness centrality are important. If they are blocked or removed, 
transport becomes less efficient.  
We have removed TFs (both random and hubs) to study the robustness of each condition. We have 
removed 2% 5%, 8%, 11% and 14% at random form TFs for all the TGs in each condition, and the 
number of alternate paths as well as viable TGs (TGs for which at least one complete path left) are 
calculated. Similarly, we have removed top 2% 5%, 8%, 11% and 14% of top TF hubs and similar 
calculations are performed. Supplementary Fig. 1 shows how a gene is affected in terms of alternate 
paths after hubs-knockouts. 
  
Construction of different Hierarchical Levels 
Hierarchical levels have been generated by assigning the base level to the TGs and higher-level 
numbers to the TFs in the TRN similar to the "BFS-level" method described by Gerstien et al.13, but 
unlike them we haven’t restricted TFs to one particular level.  If a target TF is present in the n th level, 
then the TF regulating it will be placed in the (n+1)th level, this process is repeated till we reach the 
genes that are not regulated by any other transcription factors and are assigned the topmost level at the 
hierarchy. Repetitions are allowed i.e. a single gene is assigned to more than one hierarchical level if it 
controls different genes that belong to different hierarchical levels. Supplementary Table 8 lists the 
hierarchical layers assigned for the TFs involved in expressing the gene YBR043W. 
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Tables 
 
Table 1.  Alternate paths range, their averages, standard deviations, average degree (<K>), average in-
degree (<Kin>), average out-degree (<Kout>), average terminal out-degree (<Kout_ter>) and average 
intermediate out-degree (<Kout_int>) for all the five conditions: 
 
Condition Alternate path range Average <K> <Kin> <Kout> <Kout_ter> <Kout_int> 
Cell cycle 
Sporulation 
Diauxic shift 
Dna damage 
Stress response 
1-256 
1-98 
1-41 
1-27 
1-41 
29.39± 32.91 
10.63± 15.43 
2.81± 4.17 
2.35± 2.65 
2.98± 3.62 
9.61 
7.74 
18.14
15.98
9.98 
2.04 
1.89 
1.58 
1.60 
1.60 
7.87 
6.51 
17.14 
15.02 
8.98 
6.10 
5.25 
16.14 
14.06 
7.98 
2.76 
2.26 
2.02 
1.97 
1.90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure legends 
 
Figure 1. Robustness showed by the five TRNs against random TF knockouts. The 2%, 5%, 8%, 11% 
and 14% of random TFs of the five conditions are removed and the effect is estimated in terms of 
 (a) Number of alternate paths remaining  
 (b) Number of TGs expressed after each deletion.  
 
 
 
Figure 2. Robustness showed by the five TRNs against TF hub knockouts. The top 2%, 5%, 8%, 11% 
and 14% of TF hubs of the five conditions are removed and the effect is estimated in terms of 
 (a) Number of alternate paths remaining  
 (b) Number of TGs expressed after each deletion.  
 
 
 
Figure 3. Among the 21 TFs involved in expression of YBLO43W, YPR104C is regulated by YIL122W, 
YKL062W and YKL112W. So these are the three possible paths to reach YPR104C. Again, TFs YOL089C, 
YNL216W and YKL043W regulate the target TF YKL062W while YKL112W is regulated by YLR182W and 
YDL056W.  Thus, there are 6 possible paths that lead to target TF YPR104C. Hence, while starting from 
the top level TFs (TFs that are not regulated by any other TF) viz. YPL089C, YOL089C, YMR021C, 
YLR182W, YJR060W and YDL056W, one can observe presence of 15 possible paths that lead to the 
terminal TG YBLO43W. 
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